We present a theoretical model for carrier conductivity and Seebeck coefficient of thermoelectric materials composed of nanogranular regions. The model is used to successfully describe experimental data for chalcogenide PbTe nanocomposites. We also present similar calculations for skutterudite CoSb 3 nanocomposites. The carrier scattering mechanism is considered explicitly and it is determined that it is a key factor in the thermoelectric transport process. The grain interfaces are described as potential barriers. We investigate theoretically the role of the barrier heights, widths, and distances between the barriers to obtain an optimum regime for the composites thermoelectric characetristics.
INTRODUCTION
Thermoelectric (TE) energy conversion materials offer the possibility of an all-solid-state technology to convert heat into electrical energy. The performance of devices based on such materials is characterized by the dimensionless figure of merit defined as κ σ / 2 
T S ZT =
, where S is the Seebeck coefficient (thermopower), σ -the carrier conductivity, κ -the thermal conductivity, and T -the absolute temperature. Larger values of ZT warrant more efficient devices, thus researchers have devoted much effort in finding ways to increase the figure of merit. However, the Seebeck coefficient, carrier and thermal conductivities are interrelated in the usual bulk materials. It is not possible to influence one of them without influencing the others in some disadvantageous ways. This imposes limitations on how much the figure of merit of bulk materials can be improved. For the past several years ZT of materials currently used in commercial devices has been ~ 1 for all applicable temperature ranges 1 . Other efforts have focused on the possibility to alter the thermoelectric properties independently by approaching nanoscaled dimensions. These include Bi 2 Te 3 /Sb 2 Te 3 supperlattices 2 , quantum dot supperlattices 3 , or one dimensional quantum wires 4 for which the thermal conductivity is reduced thus leading to an increased figure of merit. In addition, bulk materials with nanostructured inclusions have also been demonstrated to have enhanced thermoelectric properties. For example, studies of PbTe with Pb nanoprecipitates 5 , nanocrystalline CoSb 3 6 , and nanogranular PbTe composites 7, 8 have reported an increased Seebeck coefficient as compared to the bulk counterpart. These investigations [5] [6] [7] [8] show that the carrier scattering by interfaces present in the bulk matrix is a key factor in the improved TE properties. In fact, it has been shown 8, 9 that the interface grain barriers filter the low energy carriers, while the higher energy ones diffuse through the specimen. Since the mean energy per carrier is increased, for certain conditions the Seebeck coeffient is increased while the carrier conductivity is not degraded appreciably.
Here we describe a phenomenological model describing the diffusion transport of carriers through bulk material which contains nanogranular regions. In addition to carrier-acoustic phonon, carrier-optical phonon, and carrier-impurity scattering mechanisms, we consider the carrier-interface scattering. The material is viewed as containing potential interface barriers due to the grains which do not alter the energy band structure of the bulk significantly. The model is tested by comparing the calculated and measured Seebeck coefficient and electrical conductivity for PbTe nanocomposites. We use this theory to understand the role of the grain characteristics, such as barrier height, grain size, and distance between the grains in order to determine an optimum regime of TE properties of such granular nanocomposite materials.
THEORY
We consider quasi-equilibrium and diffusive transport of charge carriers in bulk. The charge transport properties can be described by
where e is the electron charge, Total Density of States We assume that the grains serve only as scattering barriers to the charge carriers and do not affect the energy band structure inside the grains. Thus the total density of states (DOS) is taken to be the same as the bulk material. For several small band-gap TE semiconductors, such as lead chalcogenides and skutterudites, the non-parabolic two-band Kane model is a good approximation for the energy bands involved in the transport 10, 11 . The total DOS for the two-band Kane model can be written as
where h is the Plank's constant, g E -the energy band gap, and * m -the effective mass for all directions.
Energy Distribution Function For diffusive and quasiequilibrium transport the energy distribution function is taken to be the Fermi function
with F E being the Fermi level, and B k -the Boltzmann constant. The Fermi level is specific for each material and it is also related to the charge carrier concentration
The self-consistent solution of p allows one to determine the Fermi level for a specific carrier concentration. . The carrier-grain interface scattering is described by assuming that the material consists of an infinite number of grain boundaries modeled as potential barriers of equal height b E , width w, and space between two adjacent barriers L - Fig. 1 . The average values of b E , w, and L can be taken from experimental measurements 7, 12 . The diffusion process is described by considering the quantum mechanical transmission probability T(E) of carriers with energy E impeding on the barriers. The carrier path length λ after passing through the first
Scattering Mechanisms

barrier is T(E)(1-T(E))L, after passing through the second barrier is T(E) 2 (1-T(E))2L, and finally after passing through N barriers is T(E)
n (1-T(E))nL. Thus assuming that the mean free path due to this scattering mechanism is simply λ , for infinite number of barriers one finds that
where
is the average velocity of the charge carriers. The transmission probability T(E)
can also be obtained using standard quantum mechanics by taking the incident carriers upon the barriers as plane wave-like 9 . The scattering mechanisms from acoustic and optical phonons and ionized impurities can be described using available expressions. The relevant relaxation times therefore are taken to be is the potential energy at a distance r m from an ionized impurity with r m approximately half the mean distance between two adjacent impurities, and N i is their concentration. These quantities can be found from available data in the literature or estimated experimentally for a particular specimen. 
DISCUSSION
The model described here provides all the necessary tools to calculate and explain the experimental data for σ and S for small band gap semiconducting TE materials containing granular interfaces. Its applicability lies within the assumptions that the carrier transport is diffusive, the relaxation time approximation is valid, the electronic band structure within the grains is the same as in bulk, and that it can be described using the two-band Kane model. Here we test this theory to see how effectively it can describe experimental data for PbTe granular nanocomposites. All approximations regarding the carrier relaxation time and electronic structure assumptions are valid for this material.
Ag-doped PbTe nanocrystals were synthesized as described previously 13 . The synthesis approached allowed for reproducible 100 -150 nm spherical PbTe nanocrystals, also confirmed by TEM, with a high yield of over 2 grams per batch. The nanocrystals were subjected to Spark Plasma Sintering to achieve ~ 95 % bulk theoretical density, resulting in a dimensional nanocomposite structure. Low temperature transport measurements were performed on the specimens. The thermoelectric properties of these materials are reported in another article in this volume 14 .
The experimental results for the carrier conductivity and Seebeck coefficient for two specimens are given in Fig. 2 . The experimental results are compared with the calculations for S and σ, which are also shown in Fig. 2 . The agreement is excellent. The calculations were done without the carrier-ionized impurity scattering since the presence of such impurities was found insignificant in the experiments. We used the following barrier parameters estimated from the data -E b =60 meV, w=50 nm, and L=300 nm. The other physical parameters for PbTe are also listed in Table 1 . The model we have developed and tested for relevant measurements for PbTe materials can further be used to elucidate the role of factors such as carrier concentration, electronic structure parameters, and grain interface characteristics. For example, one can calculate the conductivity, Seebeck coefficient, and power factor σ 2 S using Eqs. (1, 2) as a function of E b , w, and/or L for a specific material and carrier concentration p. In fact, such calculations are useful to understand and quantify the carrier filtering process due to the carriers scattering from the granular interfaces.
We find that by keeping all parameters the same and changing E b , leads to particular changes in the TE transport properties. Increasing E b leads to a decrease in the conductivity and an increase in the Seebeck coefficient. This is explained by realizing that higher barriers will scatter more electrons, therefore the number of carriers contributing to the charge transport is decreased. Since fewer carriers contribute to the transport, the σ is decreased. The same process will contribute to an increased mean energy per carrier, thus the Seebeck coefficient is increased. Similar behavior can be achieved by changing w or L. Increasing w results in a smaller transmission T(E) through the barriers. Thus σ is decreased and S is increased again. If L is decreased, there will be more frequent carrier scattering events, which also results in a decreased σ and increased S. Experimentally, one may be able to change different parameters characterizing the potential grain barriers in order to manipulate the carrier transport characteristics as a function of temperature. For thermoelectric applications, however, one is interested in increasing the power factor S 2 σ. Thus optimal E b , w, and/or L are needed to achieve such σ and S in order to obtain the highest performing TE materials. Using Eqs. (1, 2) we can calculate S 2 σ as a function of E b , w, and L at a specific temperature. Fig. 3 shows our results for the power factor for PbTe composites as a function of the grain characteristics. All scattering mechanisms are included and the impurity concentration is taken to be p N i % 15 = . The fact that S 2 σ exhibits maxima shows that the influence of the grains may or may not be beneficial for the TE transport. If more charge carriers (lower E b ), less frequent scattering (longer L), and larger transmission through the barrier (smaller w) are allowed, the electrical conductivity increases. In contrast, when the mean energy per carrier is increased by taking higher barriers (larger E b ), more frequent scattering (smaller L), and smaller transmission (larger w), the Seebeck coefficient increases. The key is to use grains with such properties that balance the interplay between increasing S and decreasing σ in order to obtain an optimum power factor. We also present results from calculating the transport properties at different temperatures of the skutterudite CoSb 3 - Fig. 4 . The structural parameters are in Table 1 . All scattering mechanisms are included and p N i % 15 = . Fig. 4a ) and b) show that σ 2 S has similar behavior as the one for PbTe. In particular, the power factor exhibits maxima for certain values of E b and w. When L is changed, however, σ 2 S increases towards its value for bulk.
CONCLUSIONS
In conclusion, we have presented a model to calculate carrier transport properties for thermoelectric materials containing nanogranular regions. The model was tested successfully for appropriate experimental measurements of PbTe composites. Our calculations for PbTe and CoSb 3 show that the interplay between the grain interface scattering together with other mechanisms due to carrier-phonon and carrier-impurity scattering mechanisms can give a set of granular parameters which result in optimum thermoelectric properties. .
